Objective: Although the emotion regulatory difficulties in patients with major depressive disorder (MDD) are predicted to associate with impaired cardiovascular autonomic regulation, the changes of cardiac vagal regulation in MDD are incompletely understood. The aim of the study was to evaluate the respiratory sinus arrhythmia (as an index of cardiac vagal regulation) using the spectral analysis in high frequency band of the heart rate variability and the indices of deep breathing test in adolescent patients with major depressive disorder. Material and methods: Twenty-eight adolescent girls were examined -14 patients with major depressive disorder without pharmacological treatment (average age: 16.4 ± 0.2 yr) and 14 healthy probands (control group) matched for age and gender. The respiratory sinus arrhythmia was evaluated using the spectral analysis in high frequency band of the heart rate variability (HF-HRV) and the parameters of deep breathing test (I-E, I/E). In addition, mean R-R interval was calculated. Results: The adolescent patients with MDD had significantly reduced spectral activity in the HF-HRV and lower I/E, I-E parameters compared to matched healthy subjects (P<0.05). Conclusions: We conclude that the adolescent girls with MDD have reduced respiratory sinus arrhythmia indicating cardiac vagal dysregulation. Since impaired cardiac vagal regulation is associated with increased risk of cardiovascular morbidity, this finding underscores the importance of impaired autonomic neurocardiac integrity already in adolescents with major depressive disorder without pharmacological treatment.
INTRODUCTION
Respiratory-frequency rhythms are translated into changes in a discharge frequency of the sinoatrial node known as respiratory sinus arrhythmia (RSA).
RSA is mediated through physiological mechanisms by which the heart rate increases during inspiration and decreases during expiration. These mechanisms include central medullary generator, reflexes from the lungs, baroreflexes, chemoreflexes, as well as local mechanisms (stretching of the sinoatrial node etc.). RSA is mediated predominantly by fluctuations of vagal cardiac nerve efferent traffic originating in the nucleus ambiguus and therefore provides a non-invasive index of cardiac vagal regulation [1, 2] . Moreover, the cardiac vagal modulation as reflected in RSA has been shown to be related to emotional regulation [3, 4] .
RSA can be quantified by various methods -the spectral analysis of the heart rate variability (HRV) at respiratory-linked high frequency (HF-HRV) neuronal oscillations, or the respiratory manoeuvre -deep breathing test. Previous studies have documented correlation between HF-HRV and cerebral blood flow in certain cortical (prefrontal, insular cortex) and subcortical regions [5] . Thus, the spectral analysis in high frequency band of the heart rate variability is considered as an index of central-peripheral neural feedback and central-autonomic nervous system integration [6, 7] .
Major depressive disorder (MDD) is being conceptualized as a disorder of emotion regulation. Despite the clear emotion regulatory difficulties characterizing depressive patients, the results related to the RSA (an index of cardiac vagal control) and depression are mixed. Some authors report no differences in respiratory sinus arrhythmia between depressed subjects and non-depressed controls [8] , while others have found reduced cardiac vagal modulation in patients with MDD [9] . Thus, the effects of MDD on the cardiac autonomic regulation remain controversial. We chose to evaluate these effects in adolescent patients since the adolescence is a critical period for maturation of higher cognitive functions and emotional behaviour [10] . Thus, the adolescent subjects may be more prone to depression-induced cardiac autonomic dysregulation and more vulnerable to its long-term consequences.
We addressed the hypothesis that respiratory sinus arrhythmia is altered in the adolescent girls with MDD. Therefore, the aim of the study was to evaluate the respiratory sinus arrhythmia, as a non-invasive index of cardiac vagal regulation, using the spectral analysis in high frequency band of the heart rate variability and deep breathing test in adolescent patients with major depressive disorder without pharmacological intervention.
MATERIAL AND METHODS

SUBJECTS
The study was approved by the Ethics Committee of Jessenius Medical Faculty, Comenius University. All subjects and their parents were carefully instructed about the study protocol and they gave written informed consent to participate in the study prior to examination.
We have examined 28 adolescent girls -14 patients with major depressive disorder, single episode (average age: 16.4 ± 0.2 yr) and 14 healthy subjects matched for age and gender (control group). The major depressive disorder was classified according to Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (DSM-IV-TR) [11] . No subject had any history of cardiovascular, respiratory, endocrinological, neurological, or other disorder known to affect HRV (including alcohol or drug abuse). Additionally, the smokers were excluded from this study.
PROTOCOL
All subjects were examined under standard conditions (quiet room with minimal arousal stimuli, standard temperature) from 8 : 00 a.m. to 11 : 30 a.m. The subjects were instructed to lie back comfortably and not to speak or move unless necessary. The thoracic belt with ECG electrodes from telemetric device for R-R intervals recording VarCorPF6 (Dimea, Olomouc, Czech Republic) was applied after initial 15 min. of the rest. Then, the deep breathing test was performed. After deep breathing test the subjects remained in the supine position for the continuous ECG recording.
DATA ANALYSIS
The R-R intervals time series were obtained from VarCorPF6 device (sampling frequency of 1000 Hz) according to standards recommended by Task Force [12] .
Spontaneous HRV: The 300 R-R intervals segments were analyzed between the first and fifth minute of the supine position. Slower oscillations and trends were eliminated using the detrending procedure of Tairvanen et al. [13] and time series were resampled (resampling frequency of 2 Hz) to obtain equidistant time series using cubic spline interpolation. Subsequently, mean power spectrum of the analysed segment was computed by fast Fourier transform (using window length of 256 samples) and spectral power in the high frequency band (HF: 0.15-0.4 Hz) was obtained by integration. We have focused on the high frequency spectral power of the HRV (HF-HRV) reflecting mainly respiratory sinus arrhythmia. In addition, mean R-R interval was calculated.
Deep breathing test:
The subject lying in the supine position was instructed to perform four maximal inspirations and expirations in twenty seconds. The following parameters were evaluated: I-E -difference of the mean heart rate during maximal inspirations and expirations, I/E -ratio of these values. These indices describe a magnitude of the respiratory sinus arrhythmia. Statistics: Data were expressed as means ±SE. The non-Gaussian distribution of the spectral indices was ascertained using Lilliefors test. Therefore, the HF-HRV index was logarithmically transformed for subsequent statistical analysis. A Mann-Whitney U-test was used for statistical analysis of the parameters with non-Gaussian distribution and Student's two-sample ttest was performed to assess statistical differences in variables with normal distribution. P<0.05 was considered as statistically significant. Table 1 shows the heart rate variability and deep breathing test results. The mean R-R interval was marginally significantly shorter in depression group compared to controls (P=0.053). The high frequency oscillations of the heart rate variability (HF-HRV) were significantly reduced in depression group compared to controls (P=0.026). The I-E and I/E parameters of the deep breathing test were significantly lower in depression group compared to controls (P=0.021, P=0.006, respectively). 
RESULTS
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DISCUSSION
Respiratory sinus arrhythmia (RSA) -the coupling of heart rate variability to the respiratory cycle -reflects the functional output of specific vagal pathways originating in the nucleus ambiguus that are neurophysiologically and neuroanatomically linked to several psychophysiological processes including emotion [4] . The heart rate variability spectral analysis allows to isolate the faster high frequency (HF) respiratory-coupled influences on the HRV (0.15-0.4 Hz) from slower sources of the HRV reflecting mainly sympathetic and parasympathetic activity via baroreflex. Therefore, a spectrally derived index of vagally mediated heart rate variability (HF-HRV) provides information about the respiratory sinus arrhythmia as a sensitive and non-invasive index of cardiac vagal function [1] . Additionally, since the respiratory mediated heart rate changes are small during quiet breathing, the deep breathing test is more convenient to evaluate RSA magnitude. In adult depressive patients, a reduction in the HF-HRV and lower parameters of the deep breathing test were found in comparison to healthy group [14] . Our results are in agreement with these findings and extend them into the adolescent group of MDD patients. Reduced respiratory sinus arrhythmia indicates cardiac vagal dysregulation in adolescent girls with major depressive disorder.
The mechanisms responsible for impaired modulation of cardiac autonomic activity and major depressive disorder are still discussed. Thayer and Lane [6, 7] provide the theoretical aspect of neurovisceral integration in emotion regulation/dysregulation emphasizing the neural correlates of vagal function and the role of brain in the regulation of the autonomic nervous system. One functional unit within the central nervous system (CNS) -central autonomic network [15] -includes the anterior cingulate, insular, and ventromedial prefrontal cortices, the central nucleus of amygdala, the paraventricular and related nuclei of the hypothalamus, the periaquaductal gray matter, the parabrachial nucleus, the nucleus of the solitary tract, the nucleus ambiguous, and specific medullary areas resulting in direct input to the sino-atrial node responsible for the complex variability that characterizes a healthy and adaptive cardiac time series [6] . We expect that these CNS areas partially overlap with the brain regions involved in the pressumed neuroanatomical basis of depression (e.g., prefrontal cortex or amygdala). Therefore, abnormalities in these centers involving other potential pathomechanisms (e.g., neurotransmitter dysregulation, hypothalamic-pituitary-adrenal axis dysfunction) might result in cardiac autonomic dysfunction [16, 17] .
On the contrary, Rottenberg [18] revealed that the diagnosis of depression exerts a small-to-medium effect on cardiac vagal control, as indexed in lower RSA, and referred to confounding factors (e.g., sedentary behaviour) influencing cardiac autonomic function. We previously reported that RSA is reduced in obese adolescent subjects [19] , and in the current study, we also evaluated a matched group of mentally healthy obese adolescent girls for comparison. We found that the magnitude of changes in the HF-HRV and I-E, I/E parameters was similar between the adolescent patients with MDD and adolescent obese subjects. Thus, in agreement with Rottenberg¢s study [18] , we propose the effect of common factors associated with poor life-style (e.g., lack of physical activity) on cardiac vagal control in both disorders. It seems that the question of whether the reduced RSA indicating cardiac vagal dysfunction in the adolescent patients with MDD is a pure result of disrupted neurocardiac integrity or it is only a reflection of depression-related features and changed conditions (e.g., deficient social activity or reduced regular physical activities), remains unclear.
We conclude that adolescent girls with major depressive disorder have reduced respiratory sinus arrhythmia indicating impaired cardiac vagal regulation. The degree of impairment in these sick girls and in healthy obese subjects is similar. Since cardiac vagal dysregulation is associated with increased risk of cardiovascular morbidity, this finding underscores the importance of impaired autonomic neurocardiac integrity in adolescents with major depressive disorder without pharmacological treatment.
